How septic are invertebrate body fluids? Cameron (1932) found that he could culture the same bacteria from earthworm body fluid that occurred in the soil in which they were found, on the skin or from the gut. More recently Marks & Cooper (1977) have found Aeromonas hydrophila consistently present in the Lumbricus terrestris kept in culture. Other invertebrates when carefully sampled may be aseptic or show only minor contamination, often with characteristic bacteria. Careful studies of animals such as oysters show that they have a characteristic commensal flora but can accumulate gram-positive bacteria (Colwell & Liston 1960) . Blue crabs and other crustaceans can harbour Vibrio parahaemolyticus which are common in the sea (Kaneko & Colwell 1973 ) especially at some times of year ), Colwell et al. (1975) concluding that the haemolymph of blue crabs was probably never sterile. Accidental wounds in all animals present a means of entry for bacteria, and those mishandled are often infected. Commercially important shellfish may often be spoiled in this way (Johnson 1976 ). The balance between health and disease is a delicate one and crabs are vulnerable organisms in any but ideal conditions. In some invertebrates agglutination of cells or clotting proteins can serve to close a wound. In crustaceans the cells caught up in a clot may release bactericidal substances which will minimize bacterial entry and at the same time stimulate phagocytosis. The gelling of limulus fluid which helps to close wounds (Shirodkar et al. 1960 ) is cell-derived and is gelled by endotoxin which causes clumping of cells and their degranulation with the consequent release of bactericidal or bacteriostatic substances (Levin 1967) .
All invertebrates have phagocytes in their body fluids and in some species these phagocytes could account for maintenance of the body in an aseptic condition. Numbers of phagocytes vary by two or more orders of magnitude from 0.2 to 20 x 106 mI-1. If 1 x 109 bacteria are injected they may be cleared in an hour or persist for weeks according to the bacterium. When some bacteria are not taken up while others are, we are facing problems either of recognition or of blocking of the recognition sites by a potential pathogen. Bang (1975) , for example, found a bacterial infection of Ascidia mentula which killed two-thirds of his experimental animals in two or three days and was passed rapidly from animal to animal under aquarium conditions. Only one or two Gafjkya homari infecting the American lobster Homarus americanus can multiply to kill the lobster within a few days. Clearly, what makes a pathogen for one type of animal may have little relevance to another. Lysenko (1976), for example, has recently pointed out that Serratia marcescens, pathogenic to most insects otherwise protected by a chitinous exoskeleton, produces a chitinase. Edland et al. (1976) , by using different B. thuringiensis mutants, found evidence that this pathogen has two separate inhibitors which interfere with the internal defences of giant silkmoth pupae to E. coli on the one hand and to B. cereus on the other. A third example is given by Pistole (1976) who found that injections of Salmonella minnesota lipopolysaccharide caused a sharp drop in the agglutinating ability in limulus and that this persisted for many weeks. Most work has been done on insect vectors of disease and this has been summarized recently by Chadwick (see Maramorosch & Shope 1975) and in the 1975 conference at Easton, Maryland (Briggs 1975) . The best known are B. thuringiensis, B. cereus and Pseudomonas aeruginosa. The pathogenicity is due to different factors in each case: P. aeruginosa produces toxic substances which destroy proteins; B. cereus apparently owes its virulence to a phospholipase, while B. thuringiensis strains produce four different factors. House flies, for example, are affected by a factor splitting ATP into AMP and pyrophosphate and interfering with RNA-polymerase so that cell division is impaired at metamorphosis. Silkworm larvae are affected by another toxin which affects the permeability of the mid-gut so that the gut juices enter the haemocoel.
Phagocytosis alone may well be sufficient to remove invading bacteria but the system may be overloaded. If infection of Nereis diversicolor is only moderate, the body fluid is rapidly cleared of bacteria by the coelomic phagocytes. The bacteria and phagocytes form nodularlike masses which are ejected through the skin. Similar phenomena occur in crassostrea (Tripp 1960) , tridacna (Reade & Reade 1972) and the snail Australorbis glabratus (Tripp 1961 ). If nereis are kept in too high a concentration for the phagocytes to compete with bacterial growth the worms become sickly and die. Nevertheless, worms have large numbers of phagocytes: the lugworm, Arenicola marina, can have 25 x 103 mm-3 and each is capable of taking up many bacterial cells. This may provide sufficient protection providing the bacteria are recognized and phagocytosis is prompt. Helix pomatia has only 2 x 105 haemocytes ml-1 but was able to reduce S. marcescens at the rate of 1.1 x 106 h-, manifestly faster than is possible purely by phagocytosis (Bayne 1974) , and fixed phagocytes in the digestive gland may be responsible.
The body fluid of marine invertebrates can present more favourable conditions for growth than seawater, providing natural bactericidal substances or agglutinins are absent, for seawater itself may have bactericidal substances derived from other organisms such as algae. Coliforms and terrestrial bacteria enter the sea or estuaries from sewage or natural drainage and while their growth is reduced because of the different osmotic environment, it is also depressed by the antibiotic substances present in normal seawater. Some of these at least can be directly related to phytoplankton growth (Moebus 1972) and most appear to be due to algae (Baslow 1969) . Even so, human pathogens and coliforms survive long enough to give rise to concern, for many invertebrates such as shrimps, cockles and oysters are estuarine and may be subjected to quite high concentrations of such bacteria.
Phagocytosis involves recognition of non-self. Contact-recognition or opsonization by a factor or factors may be necessary for subsequent phagocytosis and there is great variety from one invertebrate to another. McKay & Jenkin (1970) , for example, working with the crayfish Parachaeraps bicarinatus found that red cells were not taken up by phagocytes unless previously opsonized with cell-free haemolymph. Various bacteria, on the other hand, were all phagocytosed, whether opsonized or not. The rate of phagocytosis was decreased when the phagocytes were treated with trypsin, suggesting that some surface component was removed, but the rate was restored when such trypsin-treated cells were presented with opsonized bacteria. They suggest that there may be membrane recognition factors similar to those in the haemolymph. Tyson & Jenkin (1974) suggested that perhaps these recognition factors are too thinly distributed over the larger red cells for them to be recognized.
If opsonization is necessary for phagocytosis, is this a common mechanism of invertebrate internal defence? Very few species have been investigated thoroughly enough to answer this question. Species in which body fluid does have an opsonic effect are summarized in Table 1 . Opsonic effects enhancing phagocytosis have been found only in three other invertebrates, Arimoto & Tripp (1977) have found that in Mercenaria mercenaria haemolymph enhanced phagocytosis for one bacterium only, of several tried. That an opsonic factor was present in the haemolymph was suggested by the fact that the phagocytic index in haemolymph in which cells had been previously suspended overnight and from which the factor had been presumably removed was similar to the rate in seawater controls. Tripp (1966) also found phagocytosis in crassostrea to be haemolymph dependent, as did Prowse & Tait (1969) in Helix aspersa. There are other animals such as Blaberus cranijfer in which phagocytosis proceeds at the same rate in vitro with or without the animal's own body fluid ) and our knowledge of the factors affecting phagocytosis is still very limited.
Apart from factors in the fluid acting as opsonins two other kinds of action are shown by certain invertebrates: natural bactericidins and agglutinins. Some bactericidins may lyse bacteria (Cantacuzene 1919 , Bang 1973 . Other bactericidins simply depress bacterial growth so that phagocytosis can be effective. Some aggultinins may also act as opsonins, stimulating phagocytosis or encapsulation of agglutinated masses of bacteria.
Species in which body fluids are known to agglutinate certain bacteria are shown in Table  2 . Agglutinins appear to be widely distributed in invertebrates, but are often unspecific. While S. marcescens escapes agglutination in aplysia, it is agglutinated by Octopus defleini (Bayne 1973) ; G. homari escapes homarus but not Cancer irroratus (Cornick & Stewart 1968 ). In Mercenaria mercenaria Arimoto & Tripp (1977) found only four out of thirty bacteria tested were in fact agglutinated. There is evidence to suggest that the mercenaria agglutinin is a protein and is inhibited by various sugars. One might speculate that the bacteria which are agglutinated have surface binding sites with similar structures. As in aplysia, this agglutinin may also act as an opsonin, for with one strain (RS 005) haemolymph enhances phagocytosis, and adsorbed fluid fails to agglutinate. Marchalonis & Edelman 1968 Most of the work on agglutinins has been done with red cells, but substances which agglutinate red cells may also agglutinate bacteria and cross-adsorption tests have shown certain common features, so invertebrates may have evolved such systems as part of their internal defence systems. The physical nature of these substances varies from one group to another but all are quite unlike vertebrate antibodies. Acton & Weinheimer (1974) suggest that the common features of these agglutinins indicate a common origin and that there is some evolutionary sequence from simpler to more complex invertebrates. It is perhaps premature to judge whether the differences are more likely to be analogous and simply reflect differences of body fluid systems. Their diversity suggests parallel evolution in response to the common need to keep the fluids aseptic, not only against bacteria but, in the marine environment at least, against ciliates and fungi as well. An antibacterial function is only likely when the agglutinin occurs in the fluids, and agglutinins found in tissue extracts (Boyd & Brown 1965 ) may be irrelevant. The red cell agglutinins also vary considerably in their specificity: some have a quite general action, others are highly specific (Pauley 1974 , Acton & Weinheimer 1974 , so specific indeed that they have been studied with the idea of using them for human blood group tests (Pemberton 1974) . In general, the agglutinins aid clearance by agglutinating certain microorganisms on entry to the body and may act as opsonins to expedite clearance by phagocytes (Prowse & Tait 1969 , McKay & Jenkin 1970 . On the other hand, Otala (Helix) lactea lacks agglutinins yet the haemolymph has an opsonic effect on formalized yeast cells (Anderson & Good 1976) (Table 2) .
Many invertebrates have body fluids which contain bactericidins (Table 3) . Naturally occurring bactericidins occur in particular groups such as the sipunculids; some may be detected only when induced by infection or vaccination (Johnson & Chapman 1970a . Other groups of invertebrates such as the annelids show neither a response to vaccines nor have natural bactericidins (Cooper et al. 1969) . Weinheimer et al. (1969) found that in Panulirus argus the induced titre to one bacterium was maintained for longer than to some others. found that a second challenge resulted in an enhanced response. Many of these substances may be released from circulating phagocytes, initially in response to bacteria. Some 'natural' bactericidins may be due to some previous infections, though Furman & Pistole (1974) found great individual variation in the level of bactericidins from one limulus to another and from one season to another; the highest titres were found in relation to gram-negative bacteria to which they were most commonly subjected, but were not increased by prior vaccination (Rabin & Bang 1964 ).
The natural bactericidin in limulus fluid affects some bacteria but not others (Johannsen et al. 1973 , Pistole & Furman 1976 . Induced bactericidins may be quite specific. Boman et al. (1972) found, for example, that living Aeromonas cloacae induced a bactericidin in drosophila, which discriminated between two strains of A. cloacae, while having some effect on two other unrelated bacteria (E. coli and P. aeruginosa). Stewart & Zwicker (1972) found the bactericidin induced by Pseudomonas perolens to be specific, having no effect on other bacteria tested (Table 3) . With the American lobster some bactericidal activity is found in untreated fluid, except with respect to its pathogen (G. homari) but the titre is increased following vaccination. The titre rises within the first two or three days and, while gradually declining, may be appreciable three weeks later. Clearly, continuous assault could confer a certain resistance.
We know very little about the nature of these bactericidal substances and whether in those animals in which they are induced they are the result of synthesis, of secretion or due to the activation of pre-formed material. The relatively unspecific action of most of them suggests the last. Some induced bactericidins are proteins but others are not and while some produce lysis others agglutinate and others are simply bactericidal. There is great variation even among the insects (see Chadwick 1967) . Where bactericidins can be induced they are produced rapidlymore rapidly than vertebrate antibodyin crabs and other marine invertebrates as well as in insects (Briggs 1958 , Chadwick 1967 . Some of the substances in body fluids exerting bactericidal action may be enzymes released from phagocytes. Lysozyme'occurs in the haemolymph of Mya arenaria (Cheng & Rodrick 1974) and in Crassostrea virginica (McDade & Tripp 1967 , Rodrick & Cheng 1974 . In Mercenaria mercenaria (Cheng et al. 1975 ) the level of the enzyme increases in response to experimental infection with B. megaterium, probably resulting from release by cells during phagocytosis. Powning & Davidson (1973) found the same kind of response in galleria prepupae infected with either micrococcus vaccine or P.
aeruginosa (Mohrig & Messner 1968 ) so that this is probably a nonspecific response which will, nevertheless, reduce infection by certain types of bacteria. Kawarabata (1971) has, however, found no increase in lysozyme in silkworm haemolymph in response to vaccination with several bacteria, although there was an induced nonspecific response due to some other factor. Cheng & Yoshino (1976a,b) have also found a response by biomphalaria and mya haemocytes to synthesize lysosomal lipase which is released into the haemolymph when challenged with B. megaterium. While lysozyme is certainly a constituent of some body fluids, other lysosomal enzymes may be released into the fluid in response to bacterial challenge and this may be indicated cytologically by degranulation of the cell. Foley & Cheng (1977) describe this phenomenon in mercenaria with respect to acid phosphatase and Yoshino & Cheng (1977) in biomphalaria with respect to aminopeptidase, though here the haemolymph enzymes may be derived from cells other than the free haemocytes. In molluscs the digestive gland may well play a role in secretion. The absolute concentrations ofthese enzymes even following challenge may, however, be too low to stop growth of bacteria, but they may, nevertheless, have an opsonic effect. It is well known that vertebrates respond to bacterial infection by response to specific antigens in conjunction with complement. No invertebrate has been found with immunoglobulins and it may be futile to look for the origins of the vertebrate antigen-complement system of combating bacterial infection in specialized invertebrates. Although there is no evidence for specific antibody response in the vertebrate sense, several workers have, nevertheless, examined the possibility of the presence of complement or complement-like factors in invertebrate body fluids. Day et al. (1970) and Anderson et al. (1972) have claimed that there is some evidence for this in limulus, Asteriasforbesi and Blaberus craniifer. Limulus has a factor which combined with cobra venom factor (CVF) produces a substance which can activate the terminal complement components of frog serum. Similar evidence from asterias and blaberus suggests that the haemolymph contains substances analogous to the terminal complement components of vertebrates. Aston et al. (1976) have since demonstrated that the bactericidal activity ofgalleria larvae against Pseudomonas aeruginosa can be reduced significantly by prior incubation with CVF. The system is clearly different from that of vertebrates but suggests at least that induction of antibactericidal activity may not be a simple one-step process. Perhaps the most interesting aspect of invertebrate internal defences to bacteria is the question whether a primary infection confers immunity to a second challenge, or at least induces a better response. Pauley et al. (1971) demonstrated that in aplysia vaccination with live or heatkilled bacteria 24 hours before a second dose enhanced the rate of clearance and that in one instance this effect persisted for a month afterwards. This acceleration appeared to be unrelated to the amount of agglutinin for this was not raised after a primary infection.
The invertebrates include may phyla of animals which are structurally and physiologically different. We should not be surprised, therefore, that the mechanisms by which they combat bacterial infection are equally variable and that none precisely resembles that ofthe vertebrate antibody complement system. Invertebrate mechanisms seem to depend on: (1) phagocytosis, which may be enhanced by opsonic factors in the fluid; (2) agglutination, which may be induced by vaccines, the agglutinins sometimes acting also as opsonic factors; (3) coagulation, involving substances derived from the body fluid and/or the cells; (4) bactericidins 'natural' and/or induced, derived from phagocytes or other tissues and including lysosomal enzymes. While much has been learnt in the last few years the animals studied are few and scattered through many different groups. We do not know how far those examined are representative and comparative studies should be rewarding.
